Potential evapotranspiration (PET) is a key variable simulated by most crop simulation models using a variety of approaches. The objective of this study was to compare Priestley-Taylor (PT) and FAO-56 Penman-Monteith (FAO-56 PM) PET methods when simulating crop evapotranspiration (ET), yield, and aboveground biomass in Oklahoma. The study used data from 87 weather stations across nine climate divisions to simulate maize, sorghum, soybean, and wheat crop growth and development in Oklahoma for 1998 to 2017. Our results show that seasonal crop ET estimated by PT was lower than FAO-56 PM in most climate divisions and crops with average difference ranging from -10 to -1% for rainfed and from -21 to -1% for irrigated simulations. Differences in ET were greater for winter wheat than for maize, sorghum, and soybean. Additionally, differences in ET between methods were smaller in humid regions than in arid regions. Analysis of simulated rainfed yield and biomass showed higher values with PT for all crops except in the most humid climate divisions. However, under full irrigation, the yield differences between PT and FAO-56 PM were very low and ranged between 0-2% for all crops. In conclusion, this study confirmed that PT estimation of ET could be significantly different from FAO-56 PM especially in the arid and semiarid regions and during the winter under rainfed conditions. However, the differences in ET estimation did not affect yield and biomass simulation under full irrigation because the impact of soil water balance on the crop growth simulation was removed.
D
emand on water resources continues increasing to meet the needs of agriculture, industry, and other water consumers (Döll and Siebert, 2002; Wisser et al., 2008; IPCC, 2014) . Climate models predict that precipitation is likely to be highly variable and reduced in many regions, thereby affecting seasonality of stream flow and groundwater reserves (IPCC, 2014) . Irrigation is the largest consumer of available water in the world including the US Great Plains states (Döll and Siebert, 2002; Wisser et al., 2008; Araya et al., 2017) . Thus, accurate calculation of evapotranspiration (ET) is critical for the efficient management of water resources. However, the correct estimation of evapotranspiration is constrained by the limitations on meteorological data availability.
Daily potential evapotranspiration (PET) is required by most crop growth, development, and yield simulation models, given that there is a direct physiological relationship between crop yield and evapotranspiration (Doorenbos and Kassam, 1979; Steduto et al., 2012; Paredes et al., 2014; Trout and DeJonge, 2017) . Therefore, PET is required either as an input to crop models or processes must be incorporated into crop models to estimate it. Many approaches have been developed for PET estimation (Makkink, 1957; Camargo, 1971; Priestley and Taylor, 1972; Hargreaves and Samani, 1985; Blaney and Criddle, 1986; Allen et al., 1998) . However, the physically based approach, , is widely used as a standard method for estimating PET (Allen et al., 1998; Smith, 2000) . The FAO-56 PM approach requires several climatic variables, which are not commonly measured in many locations (including Oklahoma prior to 1994) . This limits the use of the approach in studies that use crop models to characterize climate variability using long-term historical climatological records (e.g., Oklahoma historical drought events in the 1930s, 1950s, and 1980s). As such, finding alternative methods that satisfactorily estimate PET to be used for crop simulation and irrigation optimization under such conditions is needed (Martins de Souza et al., 2014) . In this regard, the simple and less data-demanding PriestleyTaylor (PT) approach (Priestley and Taylor, 1972) has proved to be a good alternative in many climatic regions (Jamieson, 1982; Pereira and Nova, 1992; Sau et al., 2004) . However, PT methods were found to underestimate PET in many locations across the
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Uvirkaa Akumaga and Phillip D. Alderman* world (Martinez-Cob, 2002; Utset et al., 2004; Douglas et al., 2009; Martins de Souza et al., 2014) . As observed by Shouse et al. (1980) , Jensen et al. (1990), and McAneney and Itier (1996) , PT could fail in estimating PET values under dry conditions or in zones where wind speed is relatively high. Many areas of the US Great Plains that are under irrigation range from arid to semiarid conditions and are highly drought-prone. The high wind speed in this region is also an important determining factor for the climate of the region (Greene et al., 2010; Stadler et al., 2015) . Under such conditions it is expected that PT and FAO-56 PM would diverge in their estimates of PET, but it remains unclear the extent to which they would do so. Furthermore, it is not clear the degree to which wind speed and humidity (precipitation) might interact to affect this difference in Oklahoma conditions. The results from a recent model intercomparison of 29 maize models (Kimball et al., 2017) highlighted what DeJonge and Thorp (2017) described as, "the divergent nature of existing ET methods in crop models." In addition, many previous studies in other regions focus on the simulation of PET alone (e.g., Gunston and Batchelor, 1983; Kashyap and Panda, 2001; Eitzinger et al., 2002; Utset et al., 2004; Liu and Lin, 2005; Suleiman and Hoogenboom; Douglas et al., 2009; Sentelhas et al., 2010; Trajkovic and Gocic, 2010; Racz et al., 2013; Martins de Souza et al., 2014) while fewer consider the effects of differences in PET method on simulated crop yield and biomass (Sau et al., 2004; López-Cedrón et al., 2008) . Versions of the FAO-56 PM and PT methods have been implemented in the Decision Support System for Agrotechnology Transfer Cropping Systems Model (DSSAT-CSM) and have been validated previously (e.g., Sau et al., 2004; Araya et al., 2017) . However, when considering the use of crop models for climate impact assessment it is critical to consider yield as well as ET estimates directly. Therefore, the objectives of this study were to (i) compare the FAO-56 PM and PT approaches for estimating crop ET and (ii) quantify the impact of differences in crop ET estimation on total crop biomass and grain yield across a range of bioclimatic conditions and crops in Oklahoma using process-based crop modeling.
mAtErIAls And mEthods study Area and meteorological data
Oklahoma is a flat land with fertile plains and low hills. The region is mostly grassland and irrigated agriculture is prominent in this region. The Oklahoma Mesonet is an automated network of 121 stations that provides weather and soil measurement information and is supported as a joint collaboration between the University of Oklahoma and Oklahoma State University (McPherson et al., 2007; Klockow et al., 2010) . These automated stations send data every 5 min to an operations center, located at the Oklahoma Climatological Survey, for data quality assurance, product generation, and dissemination. The Oklahoma Mesonet was established as a multipurpose network to provide researchquality data in real time; to operate a world-class environmental monitoring network; to deliver high-quality observations and timely value-added products to Oklahoma citizens; to support state decision makers; to enhance public safety and education; and to stimulate advances in resource management, agriculture, industry, and research (McPherson et al., 2007) . The daily data are quality controlled and are publicly available free of charge for Oklahoma researchers and their collaborators (www.mesonet.org).
For this study, we reduced uncertainty by selecting stations that have been in operation in the same location since being installed. Oklahoma Mesonet stations were filtered by commissioning and decommissioning date to select only stations with continuous data. This resulted in a selection of 98 Mesonet stations that had not been relocated or discontinued and had continuous measurements since the start of the study period in 1998. The 98 stations were then filtered to remove all the stations with continuous missing data gaps of 60 d or more within a single year for up to 3 yr or more for the period 1998-2017. This produced 87 final selected stations for our analysis (Fig. 1) . These stations had on average a proportion of missing data within each time series of 3.0% for solar radiation, 0.8% for minimum and maximum temperature, 1.1% for rainfall, and 1.2% for relative humidity and wind speed in the period 1998-2017. Thus, all variables within each station were below the recommended 10% threshold for gap filling (Baddour and Kontongomde, 2007) . The remaining gaps were filled using inverse distance weighting from nearby stations using the idw function from the gstat R package (Pebesma, 2004; Gräler et al., 2016) . This gap filling method produced a continuous daily dataset for our study (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) for the 87 final selected stations. These stations were distributed across Oklahoma representing the nine climate divisions. These climate divisions and number of stations were Panhandle (6 stations), North Central (10 stations), Northeast (11 stations), West Central (7 stations), Central (17 stations), East central (6 stations), Southwest (9 stations), South Central (13 stations) and Southeast (8 stations). Variables used for this analysis included air temperature, precipitation, relative humidity, wind speed, and solar radiation.
The soil data were obtained from the Soil Survey Geographic Database (SSURGO) and Mesonet soil datasets for the 87 Mesonet sites selected. The Soil Survey Geographic Database (SSURGO) is a soil database that has accumulated soils data over the past 100 yr. The SSURGO data is measured at a scale between 1:12,000 and 1:64,000. USDA-NRCS soil surveyors collected the soil data. The means of acquiring the soil data and the reliability of the soil data are both heavily dependent on the soil surveyor. Soil map units, regions of relatively uniform soil properties with defined boundary lines, were developed from the data (NRCS, 2017). The Mesonet soil dataset, known as the Mesosoil database, was developed in 2013 and contains a total of 13 soil physical properties, including drained upper limit, lower limit, saturation, and saturated hydraulic conductivity, measured within 545 individual soil layers across 117 of the Oklahoma Mesonet sites. To calibrate the moisture sensors that are being used at each site, soil samples were taken at each location at depths of 5, 25, 45, 60, and 75 cm. Mesosoil version 1.3, updated in 2016, was used in this study (Scott et al., 2013) . In an effort to reduce uncertainty, a new soil database was formed from the combination of SSURGO and Mesosoil 1.3. Using R, we merged the two soil databases. If a soil was less than 75cm in the Mesosoil database, SSURGO data were ignored based on the assumption that Mesosoil is more accurate in the representation of the Mesonet sites. In the case of profiles with 75cm depth in Mesosoil, Mesosoil data were used down to 75 cm and SSURGO data were appended when SSURGO indicated a soil depth beyond 75cm. Missing values in SSURGO data were estimated with a nearest neighbor technique using the get.knnx function in the FNN package in R (Beygelzimer et al., 2013) .
crop model description
The Decision Support System for Agrotechnology Transfer (DSSAT) was originally developed as part of the International Benchmark Sites Network for Agrotechnology Transfer project (Jones et al., 2003; and Hoogenbom et al., 2010) . For this study DSSAT version 4.7 was used. DSSAT is made up of various crop models: CERES (barley, maize, pearl millet, rice, sorghum, and wheat), CROPGRO (chickpea, cowpea, dry bean, faba bean, peanut, pigeonpea, soybean, and velvet bean) and models for root crops, oil crops, and other crops (Jones et al., 2003; Hoogenboom et al., 2010) . The models simulate crop growth, development, and yield using a defined dataset on minimum weather data and soil profiles and crop management data. Minimum weather data sets consist of maximum and minimum temperatures, solar radiation, and rainfall. The crop management data required to simulate crop yield in DSSAT include crop, cultivar, planting date, row and plant spacing, fertilizer-N levels, tillage practices, and organic amendments (Jones et al., 2003; Hoogenboom et al., 2010) . Soil profile parameters include depth of soil and soil physical and chemical characteristics. Soil profiles used for this study are provided in the supplementary file OK.SOL in DSSAT soil file format.
In this study, the weather data were obtained from the Mesonet as explained in section 2.1 while the soil data were obtained from a combination of data from the SSURGO (https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/survey/) and the Mesosoil database (Scott et al., 2013) for each of the 87 Mesonet sites selected for this study (Fig. 1) , as described in section 2.1.
Cultivars used for simulation were selected from the parameterizations distributed with the standard DSSAT installation. Cultivars were selected to have phenological development (days to anthesis and maturity) similar to common cultivars grown in Oklahoma (J. Lofton and D.A. Marburger, personal communication, 2018) . Default genotype specific parameter values were slightly adjusted to values calibrated by a recent study within the region (Araya et al., 2017;  Table 1 ).
Potential Evapotranspiration methods in decision support system for Agrotechnology transfer
The DSSAT model system contains two methods for calculating PET discussed below. The calculated daily PET value is then partitioned into potential evaporation and potential transpiration. Actual crop ET is calculated by adjusting these potential values to be constrained by available soil water within the simulated plant rooting zone. Water stress factors are calculated based on a ratio of actual to potential ET and are used to reduce crop growth in response to water deficit. Further details are provided in DeJonge and Thorp (2017).
FAo-56 Penman-monteith method
The FAO-56 Penman-Monteith (FAO-56 PM) method as it is implemented within DSSAT-CSM calculates daily potential ET (PET pm ) as follows (DeJonge and Thorp, 2017): [3]
where, ET pm is reference evapotranspiration (mm d -1 ), R n is net radiation (MJ m 2 d -1 ), G is soil heat flux (MJ m 2 d -1 ), ρ a is air density (kg m -3 ), c p is specific heat of dry air (1010 J kg -1 °C -1 ), e s -e a is vapor pressure deficit (kPa), ∆ is the slope of the vapor pressure-temperature curve (kPa °C -1 ), γ is the psychrometric constant (kPa °C -1 ), r s is the bulk surface resistance (s m -1 ), r a is the aerodynamic resistance (s m -2 ), K cs is the crop coefficient, LAI is the simulated leaf area index, and EORATIO is the maximum K cs when LAI is greater than or equal to 6. Currently, EORATIO is set to 1.1 for soybean and 1.0 for the other three crops.
Priestley-taylor method
The Priestley-Taylor (PT) approach (Priestley and Taylor, 1972) has proved to be good alternative in many climatic regions (Jamieson, 1982; Pereira and Nova, 1992) . According to Priestley and Taylor (1972) the equation is defined as follows:
where ET pt is evapotranspiration (mm d -1 ), α is a constant and equal to 1.26, λ is the latent heat of vaporization (MJ kg -1 ), ∆ is the slope of the vapor pressure-temperature curve (kPa °C -1 ), R n is net solar radiation (MJ m -2 d -1 ), G is daily soil heat flux (MJ m -2 d -1 ), and γ is the psychrometric constant (kPa °C -1 ).
In DSSAT, PT-based PET (PET pt ) is calculated as follows: where SRAD is solar radiation (MJ m -2 d -1 ), MSALB is soil albedo adjusted for mulch and soil water, LAI is simulated leaf area index, TMAX and TMIN are daily maximum and minimum temperature (°C), respectively, and Tadj is a multiplier with a default value of 1.1. When TMAX is greater than 35°C Tadj is calculated as:
When TMAX is less than 5°C, Tadj is calculated as:
T adj = 0.01e 0.18(TMAX + 20) [9]
Simulation Configuration
Simulations were run for maize, sorghum, soybean, and winter wheat crops for the period 1998-2017 in all the 87 sites selected, resulting in a total of 6960 model simulations. All simulations were run without nutrient limitations. The effects of PET method (FAO-56 PM and PT) were tested under two simulated growing conditions (rainfed and irrigated) in a 2 × 2 multi-factorial design leading to a total of four treatments. Simulated irrigation was set to maintain 90% maximum available water. Crop ET, grain yields, and biomass yields from each PET method were compared within growing condition (rainfed or irrigated) and climate division. All simulations were run from the command line interface on an Ubuntu Linux 16.04.5 LTS Virtual Machine hosted on The Interactive Graphical Environment for Research research cloud at the Oklahoma State University High Performance Computing Center (hpcc.okstate.edu).
model Evaluation Analysis
The comparison of PT and FAO-56 PM included regression analysis and summary statistics (minimum, maximum, mean, median, and percent difference). Model simulated values were extracted from output files (SUMMARY.OUT) for variables including seasonal cumulative crop ET, yield, and aboveground biomass corresponding to DSSAT variable names ETCM, HWAM, and CWAM, respectively. Percent difference (PD) was calculated as:
where V PT is the simulated value for a given variable using the PT method and V FAO is the simulated value for a given variable using the FAO-56 PM method.
rEsults And dIscussIon crop Evapotranspiration
Figure 2 presents the results of the crop ET differences between PT and FAO-56 PM for different crops and climate divisions under a rainfed condition for the period, 1998-2017. These results indicate that the PT method produced lower estimates of ET than the FAO-56 PM method. Average ET differences ranged between -3 to -1% in all crops, management and climatic divisions. These results also show that the difference in estimation was lower on the average for maize (-2%), sorghum (-1%), and soybean (-2%) than for wheat (-6%). Figure 2 , a box and whisker plot also reveals that the range/variability of the ET differences for the summer crops (maize, sorghum, and soybean) were approximately the same. The results were somewhat different for winter wheat. For wheat, the results indicate that the differences were less pronounced when comparing the most arid climate division (Panhandle, -1%) to the most humid climate division (Southeast, -8%). These results for the humid condition are consistent with that of Yoder et al. (2005) who found that the PT method was less accurate than the FAO-56 PM for a study conducted at a site in the humid southeastern United States. Other studies also found that PT underestimated the daily ETo when compared with the FAO-56 PM (Amatya et al., 1995; Irmak et al., 2003) .
The overall average ET differences between PT and FAO-56 PM ranged between 0 to -3% for maize, sorghum, and soybean across the climate divisions while for the winter wheat average ET differences ranged between -1% to -10%. These patterns can be partially explained by the relationship between cumulative precipitation and average solar radiation through the growing season. Figure 3 shows a slight positive, linear association between solar radiation and ET differences across the summer crops and a steeper positive relationship for wheat. In terms of precipitation, the relationship was moderate, negative, and linear and again a steeper relationship between precipitation and ET difference for the winter wheat crop (Fig. 4) . The more pronounced effects for winter wheat as compared to the summer crops may be due to soil moisture limiting expression of differences in PET method. That is, although daily PET might have differed for summer crops under rainfed conditions, that difference could only be expressed until soil moisture became limiting. In the case of winter wheat, the growing season included months with on average higher rainfall, thereby providing more opportunity for differences in PET to be expressed. This explanation would also account for the overall negative relationship between precipitation and ET differences across all crops in that higher precipitation would have allowed more expression of the PET differences between methods. Nevertheless, crop ET differences were generally low under the rainfed condition. Figure 5 presents the results of the ET differences between PT and FAO-56 PM for different crops and climate divisions under full irrigation for the period 1998-2017. These results show that differences in crop ET between PT and FAO-56 PM were even more pronounced under irrigation. The results also indicate an interesting pattern of decreasing magnitude in negative differences from the most arid with -19% (Panhandle) and -21% (West Central) to most humid -7% (East Central) and -1% (Southeast) climate divisions. Our analysis of the relationship between solar radiation and ET differences revealed a negative, albeit noisy, trend that was consistent across crops (Fig. 6) . The consistency in the relationship across crops under irrigation contrasts with the results under rainfed conditions (Fig. 3) and further supports the hypothesis that inadequate crop water supply for summer crops under rainfed conditions masked differences in PET. Under full irrigation soil moisture was never limiting and permitted the full difference in PET to be expressed. On the other hand, the relationship with precipitation was positive in all crops with the greatest difference occurring with lowest rainfall (Fig. 7) . In this case, precipitation is likely a proxy for vapor pressure deficit, which would have been higher under arid conditions. Greater vapor pressure deficit would have increased the aerodynamic term of the FAO-56 Fig. 2 . Seasonal cumulative evapotranspiration (ET) difference between ET calculated with Priestley-Taylor and ET calculated with FAO-56 Penman-Monteith methods under rainfed condition for maize, sorghum, soybean, and wheat crops for the period (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) . Climate divisions are ordered left to right from least to greatest average annual rainfall. PM PET calculation resulting in greater differences in crop ET due to PET method. This explanation is consistent with Fig. 5 , which also showed greater magnitude of ET differences for arid climate divisions.
Generally, these results support the conclusion of previous studies that PT and FAO-56 PM provide more similar estimates of ET in humid areas (Gunston and Batchelor, 1983; Liu and Lin, 2005; Suleiman and Hoogenboom, 2007) . Our results do not consistently support prior findings that PT diverges more from FAO-56 PM during winter (Jensen et al., 1990; Suleiman and Hoogenboom, 2007) nor the explanation that seasonal variation in wind between summer and winter results in dissimilarity in the differences between PT and FAO-56 PM during summer and winter (Pereira, 2004) . yield results Analysis Figure 8 shows the mean yield differences between PT and FAO-56 PM results for maize, sorghum, soybean, and wheat under rainfed conditions across the nine climate divisions for the period 1998-2017. The results show that, in all the climate divisions, the mean yields under PT method were higher than that of the FAO-56 PM for the period 1998-2017. If using the PT method produces generally lower daily crop ET estimates than FAO-56 PM, the yield results could be explained by the fact that lower daily ET rates would allow a given quantity of soil moisture to last for more of the growing season and thereby permit the crop to maintain maximal growth and/or grain filling rate for a longer proportion of the season. Doing so would produce higher yields for PT simulations than FAO-56 PM simulations even if the total seasonal crop ET values were identical or nearly so. These results are consistent with that of Doorenbos and Kassam (1979) , Steduto et al. (2012) , Paredes et al. (2014) , and Trout and DeJonge (2017) . Thus, the yield differences in the East Central and Southeast climate divisions were lower because these climate divisions were more humid and therefore seasonal crop ET rates were more similar for both PET methods. These results indicate that in the East Central and Southeast climate divisions, we can use PT with high confidence for simulating crop yields under rainfed condition. The results for the full irrigation condition shows that the yield differences between PT and FAO-56 PM are very low and ranged between 0 and 2% (Fig. 9) . These results are not surprising considering that water is not a limiting factor under full irrigation so the variation in ET has little or no effect on crop yield.
biomass results Analysis
Differences in the biomass simulated with PT and biomass simulated with FAO-56 PM for maize, sorghum, soybean and wheat all showed similar patterns to those of yield ( Fig. S1  and S2 ). The results show that the mean biomass differences between PT and FAO-56 PM were more evident in the arid and semiarid climate divisions (Panhandle, West Central, Southwest, and North Central) than the more humid climate divisions (Central, South Central, Northeast, East Central, and Southeast). The differences between PT and FAO-56 PM in the arid and semiarid climate divisions ranged from 19 to 59%, whereas those from the humid climate divisions ranged from -5 to 28%. The differences were lower for more humid climate divisions (East Central and Southeast). The differences here ranged from -5 to 9% for maize, sorghum, and soybean but for winter wheat the differences ranged from 9 to 21%. For the full irrigation, as expected, the differences were very little or none for all crops. These results show that PT can be used in all climate divisions when FAO-56 PM is not available because of data constraints under full irrigation for simulating crop biomass.
summAry And conclusIons
Demand on water resources continues increasing to meet the needs of agriculture and other water users. Climate model projections indicate future extreme precipitation events that will affect water resources such as groundwater reserves. The increase of irrigation demand and irrigated land in Oklahoma and other Midwestern states has expanded the need for more accurate estimation of evapotranspiration. This study showed that PT produced lower estimates of actual crop ET than FAO-56 in all climate divisions and for all crops under rainfed conditions. The results revealed that these differences were lower on the average for maize, sorghum, and soybean than for wheat under arid, semiarid, and humid conditions. For the winter wheat crop, the results indicated that the differences were more negative as one moved from the most arid (Panhandle) to the most humid (Southeast) climate divisions, which is consistent with other findings.
Differences between PT and FAO-56 PM were higher in low rainfall climate divisions. The results of the yield and biomass analysis show that mean yields with the PT method were higher than that of the FAO-56 PM except for the East Central and Southeast climate divisions. In addition, for the East Central and Southeast climate divisions, the difference in yields simulated with PT and FAO-56 PM methods were negligible for maize, sorghum, and soybean for the period 1998-2017. For the full irrigation condition, the yield difference between PT and FAO-56 PM were very low and ranged between 0 and 2%. This result is expected considering that water is not a limiting factor under full irrigation so the variation in ET had little or no effect on crop yield. (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) . Climate divisions are ordered left to right from least to greatest average annual rainfall.
In conclusion, this study confirmed that the PT method performs differently than FAO-56 PM especially in arid and semiarid regions and during the winter under rainfed conditions. However, the differences in ET estimation does not affect crop yield and biomass simulation under full irrigation because the impact of water balance on the crop growth simulation is removed.
